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THEORETICAL MAXIMUM PERFORMANCE OF LIQUID FLUORINE - LIQUID 
OXYGEN MIXTURES WITH JP-4 FUEL AS ROCKET PROPELLANTS 


By Sanford Gordon and Roger L. Wilkins 


SUMMARY 


‘Theoretical values of rocket performance parameters were calculated 
for JP-4 fuel and various mixtures of liquid fluorine and liquid oxygen, 
assuming both equilibrium and frozen composition during the expansion 
process. Data were calculated at several equivalence ratios for each 
assigned fluorine-oxygen mixture. 


The parameters included were specific impulse, combustion- chamber 
temperature, nozzle-exit temperature, equilibrium composition, mean 
molecular weight, characteristic velocity, coefficient of thrust, and 
ratio of nozzle-exit area to throat area. 


The maximum value of specific impulse for a chamber pressure of 500 
unds per square inch absolute and an exit pressure of l atmosphere 
expansion ratio, 20.41) is 299.4 pound-seconds per pound for equilibrium 
composition and 278.9 pound-seconds per pound for frozen composition. 
These values occur at 69.75 weight percent fluorine in the oxidant and 
20.90 weight percent fuel in the propellant. 


INTRODUCTION 


Considerable interest has been shown recently in the use of mixtures 
of liquid fluorine and liquid oxygen as oxidants with hydrocarbons as | 
fuel for possible high-energy rocket propellants (refs. 1 to 5). Mix- 
tures of fluorine and oxygen exist that give higher performance with hy- 
drocarbons than either 100-percent oxygen or fluorine because the fluorine 
burns preferentially with the hydrogen and the oxygen with the carbon. 


Theoretical performance calculations of a typical JP-4 fuel with 
various mixtures of fluorine and oxygen were made at the NACA Lewis labo- 
ratory, (1) to provide data in support of an experimental program, (2) to 
determine the maximum performance for any assigned fluorine-oxygen mix- 
ture as a function of equivalence ratio, and (3) to determine the maxi- 
mum performance of the propellant as a function of both fluorine-oxygen 
mixture and equivalence ratio. 
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The data were calculated on the basis of both equilibrium апа frozen | 
ng. 


composition during expansion. The performance parameters included are 
specific impulse, combustion-chamber temperature, nozzle-exit tempera- 


ture, equilibrium composition, mean molecular weight, characteristic ve- 


locity, coefficient of thrust, and ratio of nozzle-exit area to throat 


area. 


pr 


SYMBOLS 
The following symbols are used in this report: 


nozzle area, sq ft 


local velocity of sound, ft/sec == | EE M 


coefficient of thrust, Ig/c* 
characteristic velocity, gP A. /v, £t/sec 
acceleration due to gravity, 52.174 ft/sec? 


sum of sensible enthalpy and chemical energy, cal/mole 


gun of sensible enthalpy and chemical energy per unit welght, 
2 4059), | 
i m ; cal/g " 

specific impulse, 1b-sec/1b 

molecular weight 

number of moles 

pressure 

equivalence ratio, ratio of four times the number of carbon atoms 
plus the number of hydrogen atoms to twice the number of oxygen / 
atoms plus the number of fluorine &toms 

temperature, °K i 2 = 

rate of flow, 1b/sec 


ratio of equivalent oxidant formulas Ова to equivalent fuel 
formulas CH. 


3475 


Ш i 


с/,76 


CD-l back 


NACA RM E54HO9 


Subscripts: 
с combustion chamber 
e nozzle exit 


1 product of combustion 
t nozzle throat 
В fluorine-io-oxygen atom ratio 


Y hydrogen-to-c&rbon atom ratio 


CALCULATION OF PERFORMANCE DATA 


The computations were carried out by means of the method described 
іп reference 4 with modifications to adapt it for use with an IBM Card- 
Programmed Electronic Calculator. The machine was operated with floating 
decimal point notation and eight significant figures. The successive 
approximation process which was used to calculate the desired values of 
the assigned parameters (mass balance and pressure or entropy balance) 
was continued until seven-figure accuracy was reached. 


Assumptions. - The calculations were based on the following usual 
assumptions: perfect gas law, adiabatic combustion at constant pres- 
sure, isentropic expansion, no friction, homogeneous mixing, and one- 
dimensional flow. The products of combustion were assumed to be graphite 
and the following ideal gases: atomic carbon C, carbon monofluoride CF, 
carbon difluoride СЕ», carbon trifluoride CFz, carbon tetrafluoride CF,, 


difluoroacetylene СЕ», methane CH,, carbon monoxide CO, carbon dioxide 


CO2, atomic fluorine F, fluorine F5, atomic hydrogen Н, hydrogen Но, 
hydrogen fluoride HF, water H5O, atomic oxygen О, oxygen О, and hydroxyl 
radical ОН. 


Thermodynamic data. - The thermodynamic data for all combustion 
products except graphite, methane, the fluorocarbons, and water were taken 
from reference 4. Data for graphite were taken from reference 5, carbon 
monofluoride from reference 6, the remainder of tbe fluorocarbons from 
reference 7, and water from reference 8. Data for methane were deter- 
mined by the rigid-rotator-harmonic-oscillator approximation using spec- 
troscopic data taken from reference 9. 


The dissocation energy of Fo was taken to be 35.6 kilocalories per 
mole and the heat of sublimation of graphite at 298.160 К was taken to 
be 171.698 kilocalories per mole (ref. 10). 
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sical and thermochemical data. - The JP-4 fuel used in these : pe 
€ 


calculations was assumed to have & hydrogen-to-carbon weight ratio of mE Жей 
0.165 (atom ratio y = 1.942) and a lower heat of combustion value of |||. . = 
18,640 Btu per pound. Additional properties of jet fuels may be found | 

in reference ll. Several properties of the oxidants taken from ref- 5 
erences 4, 10, 12, and 15 are listed in table I. 7 - s 


Formulas. - The formulas used in computing the various parameters = 
are as follows: 


к) 

QE 

Specific impulse, lb-sec/lb У 
I = 294.98 те уе (2) mM 


Throat area per unit flow rate, (sq ft)(sec)/1b (pressure in atm) түз 


Ap 1.51440, 


РИМА (2) 
Characteristic velocity, ft/sec = 
Ж ы а. 52.174Р А, и 
W 
Coefficient of thrust ai z is 
52.1741 
Ср = E EE E (4) 


Nozzle-exit area per unit flow rate, (sq ft)(sec)/1b (pressure in atm) 


Ae 0.040855Т, | < dai 


W PMI | 2 156 


Ratio of nozzle-exit area to throat area 


ы (6) 
ы Аҹ - 


THEORETICAL PERFORMANCE DATA | Е 


The calculated values of performance parameters were obtained for _ ~ | 
12 fluorine-oxygen ratios Рог a combustion pressure of 300 pounds per 
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square inch absolute and ап exit pressure of 1 &tmosphere. For each 

assigned fluorine-oxygen mixture, the following scheme was used to cal- 

culate an equivalence ratio for which specific impulse 1s near maximum: 
Let the equivalent formula of the propellant be 


Then by definition the equivalence ratio becomes 


_ 4 + 
т = (2 + В) 


For В < ү and assuming products to be CO, НЕ, and НО, 


- 2+т -4+y 
а, түр 81 г a (7) 


For В > ү and assuming products to be graphite, CO, and HF, 


-Y _ Pl4 + у 
ПО UE. UE е + ту (8) 


The simplified set of combustion products was used only to estimate 
the equivalence ratio giving near maximum specific impulse, whereas the 
actual ,calculations included all the combustion products considered in 
this report. For each of the 12 fluorine-oxygen mixtures, performance 
data were obtained for three equivalence ratios, including the one given 
by equation (7) or (8). The calculated values of specific impulse, with 
both equilibrium and frozen composition assumed during expansion, are 
given in table II. The values of the other performance parameters and 
the composition of the combustion products (corresponding to the eqiva- 
lence ratios for which equilibrium specific impulse is maximum) are 
given in tables III and IV for each of the 12 fluorine-oxygen mixtures. 
The mole fractions of CF,, CH,, and F4 were omitted from table IV in- 


asmuch as they were always less than 0.00001. 


Parameters. - The parameters are plotted in figures 1 to 5. Fig- 
ure 1 indicates the variation of specific impulse with weight percent 
fluorine in the. oxidant for both equilibrium and frozen composition 
during the expansion process at the equivalence ratio for which equi- 
librium specific impulse is maximum. The maximum value of specific 
impulse is 299.4 pound-seconds per pound for equilibrium composition 
and 278.9 pound-seconds per pound for frozen composition. These maxi- 
mum values occur at 69.75 weight percent fluorine in the oxidant and 
20.90 weight percent fuel in the propellant. The oxidant mixture has 
the same fluorine-to-oxygen atom ratio as the hydrogen-to-carbon atom 
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ratio in the fuel (1.942). For this oxidant mixture, the 20.90 weight 
percent fuel in the propellant is the one in which the number of H atoms 
equals the number of F atoms and the number of C atoms equals the number 
of O atoms. These atom ratios may be represented by the equivalent 
formula CH] оло + OF1.942. This formule is consistent with the assump- 
tion that hydrogen burns preferentially with fluorine and carbon with _ 
oxygen. 


А comparison of the maximum values of specific impulse for ЈР-4 
fuel with 69.75 weight percent fluorine in the oxidant, 100 percent 
fluorine, and 100 percent oxygen is shown in the following table: 


Composition |69.75 percent Fo Fluorine Oxygen 
50.25 percent Oo 
by weight 
Specific Specific  |Decrease,|Specific  |Decrease, 
impulse, I  |impulse, I|percent |impulse, I|percent 
. 899.4 278.9 ` 7.4 260.7 14.8 
278.9 264.6 5.4 250.4 11.4 
The curves of с%, Cp, Те, Te, Mc, Me, and Ae/At against weight 
percent fluorine in the oxidant, given in figures 2 to 5, are not nec- 
esBarily the maximum values but correspond to the equivalence ratio for 
which equilibrium specific impulse is the maximum. The break in the 
curves at about 75 weight percent fluorine in tbe oxidant is due to the 
formation of graphite. " 


Equilibrium 


Frozen 


Effect of th c data on performance. - Calculations in 
reference 14 show that if the carbon vapor evaporating from a graphite 
surface is assumed to contain the three species, monatomic carbon C, _ 
diatomic carbon Co, and triatomic carbon Cz, then Co and Cz comprise & 


considerable part of the vapor. Іп order to determine the effect on 
specific impulse if Co әлі Cz were included as combustion products, 
additional calculations were made for 74.80 weight percent fluorine in 
the oxidant. This percent fluorine is near the point for maximum spe- 
cific impulse and contains the largest mole fraction of С (table IV). 
The effect on specific impulse was small as may be seen from the fol- 
Lowing table: 


Specific 


included in |percent 


Equilibrium 294.0 295.1 0.31 
Frozen 272.4 . 271.1 .48 
! 1777 | 
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The effect on specific impulse should be less than shown in the pre- 
ceding table for oxidants containing less fluorine. 


The thermodynamic functions for Co and Cz were obtained by the 


rigid-rotator-harmonic-oscillator approximation using the spectroscopic 
data of reference 15 for Co and the spectroscopic data suggested in ref- 


erence 14 for Cz. The heats of formation for C2 and Cz were taken from 
reference 14. 


According to reference 7, the thermodynamic functions for CF5, CFs, 
and CoF, must be regarded as tentative. However, inasmuch as the mole 


fractions of these substances are small (table IV), even large changes 
in their thermodynamic functions are expected to have only & small effect 
on performance. 


The "low" value for the heat of dissociation of Fo, 35.6 kilocalories 
per mole, and the "high" value for the heat of sublimation of graphite, 
171.698 kilocalories per mole at 298.169 K, which were chosen for the 
calculations in this report, are still open to question. The low value 
for F5 tends to keep the theoretical performance low, whereas the high 


value for graphite tends to keep it high. 


SUMMARY OF RESULTS 


A theoretical investigation of the performance of JP-4 fuel with 
liquid fluorine - liquid oxygen mixtures for a combustion pressure of 
500 pounds per square inch absolute and isentropic expansion to 1 at- 
mosphere, assuming equilibrium and frozen composition during the expan- 
sion process, gave the following results: 


1. The maximum value of specific impulse was obtained at 69.75 weight 
percent fluorine in the oxidant and 20.90 weight percent fuel in the 
propellant. The oxidant mixture is the one for which the fluorine-oxygen 
atom ratio equals the hydrogen-carbon atom ratio. For this oxidant mix- 
ture, the weight percent fuel in the propellant of 20.90 is the one for 
which the number of H atoms equals the number of F atoms and the number 
of C atoms equals the mumber of O atoms. These atom ratios may be rep- 
resented by the following equivalent formula CH, | 942 + OF, о 42° 


2. The maximum value of specific impulse assuming equilibrium 
composition was 299.4 pound-seconds per pound. This is a 14.8 percent 
increase over the maximm value of 260.7 pound-seconds per pound for 
ЈР-4 fuel with liquid oxygen and а 7.4 percent increase over the níoximum 
value of 278.9 pound-seconds per pound for JP-4 fuel with liquid fluorine. 
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5. The maximum value of specific impulse assuming frozen composition 
was 278.9 pound-seconds per pound. ‘This їв an 11.4 percent increase over 
the maximum value of 250.4 pound-seconis per pound for JP-4 fuel with 
liquid oxygen and a 5.4 percent increase over the maximum value of 264.6 
pound-seconds per pound for JP-4 fuel with liquid fluorine. 


Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, August 11, 1954 
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TABLE I. - PROPERTIES OF LIQUID OXIDANTS 


Molecular weight, M 52.00 8.00 
Density, g/cc 81.1415 1.54 

(at -182.0° C) (at -196° C) 
Freezing point, °C С.218.76 C-217.96 


C.187.92 


45 050 


°1.51 
(at -187.92° C) 


©_182.97 


4% 080 


©1630 
(at -182.979 C) 


Boiling point, °C 
Enthalpy required to con- 
vert liquid at boiling 
point to gas at 259 С 
Enthalpy of vaporization, 


kcal/mole 


Enthalpy of fusion, = 
.106 с 572 
(at -218.769 с) |(а% -217.969 C) 
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Properties Oxygen, 02 Fluorine, Fs | 
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TABLE II. - THEORETICAL SPECIFIC IMPULSE FOR ЈР-4 FUEL WITH 
LIQUID FLUORINE - LIQUID 


EN MIXTURES 
[Combustion-chamber pressure, 500 1b/sq in. abs; exit pressure, 1 atm.) 


Specific impulse, I, 
1b-sec/1b 
Equilibrium | Frozen 
composition | composition 
259.3 246.5 


duds 
ap 


ds 
BO 


doi 
ani 


&1.51 23.30 

1.0 54.29 1.55 25.80 
1.60 24.58 

84,51 21.57 

1.6 1.60 22.59 
1.70 25.67 

1.50 20.81 

1.942 69.75 81.51 20.90 
1.52 21.05 


1.40 
1.48 
1.55 


Poe 
258 


1.40 19.4 295.7 276.1 
2.1 71.38 1.50 20.55 297.5 277.1 
b1.57 21.28 296.8 276.2 


Hip 
Boh 
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TABLE III. - CALCULATED PERFORMANCE OF JP-4 FUEL WITH LIQUID FLUORINE ~ LIQUID OXYGEN MIXTURES 
[Combustion-chamber pressure, 500 1b/sq in. abs; exit pressure, 1 абаз equilibrium and frozen 


composition assumed during expansion.) 


со 

19 

37 

B4 

65 

69 

70 

71 

72 

74 

82.61 
100.00 
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"ARLE IV. - EQIILIBRIUM COMPOSITION ТИ COMBUSTION CHAMBER FOR JP-4 FUEL WITH LIQUID FLDORINE - LIQUID OXTUEM NIXTURES 
(Combustion-chamber presmure, 500 lh/sq in. abe] 


30.70 28.98 95.80 22.55 20.90 Қы ен т" 22.07 —-— Жын 


00504 
00080 
00002 
08869 
00000 
00000 
04861 
05609 
02176 
55775 
00000 
00000 
00000 
0000 


00017 
11593 
06910 
01850 
49858 
00006 
00077 
90000 
00088 


411805 
06259 
01187 
51159 
00000 
20001 
00000 
00000 


406606 
21817 
50708 
90000 
00001 
00000 
00000 
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expansion fram 500 pounds per square inch absolute to 1 atmosphere assuming equilibrium and 


frozen composition. 


Figure 1. - Theoretical specific impulse of JP-4 fuel with liquid fluorine - liguld arygen mix- 


tures at equivalence ratios for which equilibrium specific impulse is maximum. Isentropic 
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specific impulse ін marium. Isentropio expansion from 500 pounds per square 
lute to 1 atmosphere assuming equilibrium and frozen composition. 


16 ИТА МАСА RM E54HO9 


_ | || || | | | „деј ||| | | 
[EL | || | || || LA LEN || || 
te Ne 


Characteristic velocity, ct, ft/sec 


LEFTLLLLELLLLELLLELEELLL 
к ккк р 
|__| || ||| ||| ||| | [|| || 


[Гү = зи Lem 
: ВЕЕЕЕРЕВЕЕЕЕЕЕЕНЕРЕЕ 


РЕРЕЕЕРЕБЕНЫВЕРЕЕНЫЕ 
0 


es ME жеш кыш. 
Figure 5. на UMS а PII of thrust of JP-4 fuel with 


impulse is 
ue quud dra ra MM REM 


FORUM 


CLI. 


3473 


НАСА RM E54HO9 


tv /*y ‘vere уеолиј 09 


ешш 


чоло зтхо- 


өтт Јо Oya 


Fluorine in oxidant, peroent by weight 


Figure 4. = Theoretical ratio of nozzle-exit area to throat area of JP-4 fuel with liguid flnarine - 


Isentropic expansion from 500 pounds per square inch absolute to 1 atmosphere assuming eguilib- 


liquid oxygen mixtures at equivalence ratios for which equilibrium specific impulse is marimum. 
rium and frozen oomposltlon. 
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equilibrium specific impulse is maxizum,  lIsentroplo expansion from 500 pounds per square 


ӘР-і fuel with liquid fluorine ~ liquid oxygen mixtures at equivalence ratios for which 
inch absolute to 1 atmosphere assuming equilibrium composition, 


Figure 5. = Theoretical men molecular weight in caxbustion chamber and at nozzle exit of 
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